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1.0	 INTRODUCTION TO VOLUME I.	 ?
e
Technical effort on the subject contract began in October 1978. The
	
	 5
A
study had as its objectives:
(1) To evaluate a broad class of concentrator concepts for the pur-
pose of determining the extent to which photovoltaic power
systems can either be increased in specific power or decreased
in cost for space usage between 1 and 6 AU.
(2) To select the most effective concentrator design concept for
each particular AU distance. Design concepts previously known
or those that might be conceived during the course of the
investigation were to be considered.
(3) To further develop the selected "best" conceptual design or
designs to a degree sufficient for the generation of Class C
design drawings and ROM cost estimates for development and
flight hardware.
The study was divided into two phases; Phase 1 encompassing objectives
(1) and (2) above, and Phase 2 fulfilling objective (3).
The entire study was initially restricted to the enhancement of arrays
of very thin silicon solar cells from 1 to 6 AU. Howe: rer, upon the comple-
tion of all of the work initially contracted for, JPL approved a contract
1
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extension for the purpose of expanding the investigation to also include,
at 1 AU only, thin gallium arsenide cells and conventional thick silicon
cells on a rigid substrate. Since the results of this contract extension ef-
fort are to be reported in what will be designated as the "Final Report,"
this report is titled an "Interim Fina; Report." The Interim Final Report
covers all the effort on the original contract.
The Phase I and II study was to be restricted to the enhancement of a
silicon solar cell array which when unconcentrated would generate 25 kW
at 1 AU, AMO, BOL and 55 0 C. In addition, concentrator concepts selected
for evaluation were required to produce a nearly uniform illumination of
the array. When misaligned with the suns axis as much as + 5 0 , the non-
uniformity of illumination was not to exceed 15%. The uniformity of
illumination requirement was derived from the results of prior concentrator
studies sponsored by JPL (Reference 1). The + 50 solar axis misalignment
requirement stemmed from consideration of pratical limits on the accuray
of sun U , ,king control systems and on the anticipated flexibility of
huge space structures.
Still another requirement on every concentrator concept selected for
evaluation was that a reasonable expectation of implementation with existing
materials and technology had to be assured.
In approximately mid--January 1979, the technical effort on Phase I
was completed. In the process, a baseline solar cell was selected, concept
screening and ranking criteria were chosen, six design concepts were com-
paratively evaluated and studied and from these, a single concept, the
2D-MFPC, (2 dimensional-multiple flat plate concentrator) was selected as
2
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best for solar distances greater than 1.5. As this report will demonstrate,
one version of the selected design concept, namely the semi-active MFPC,
can generate 12 kW at 6 AU. This is a dramatic factor of 17 improvement over
the 25 kW baseline array which if unconcentrated at the same distance
would generate only 0.7 W. In terms of specific power (watts/kg), a
315% improvement is realized, since the semi-active MFPC delivers about
10.8 watts/kg at 6 AU, whereas the baseline array in an unconcentrated
SEP configuration can deliver no more than 2.6 watts/kg at this distance.
For solar distances less than 1.5 AU, the 2D-FPT (2 dimensional-flat plate
trough) concentrator concept was ,judged to be best. However, with this
concept, improvements over an unconcentrated silicon array are not quite
as dramatic. In specific power, watts per kilogram, the improvement is
about 25%.
In February 1979, the results of the Phase I portion of the study
were presented to JPL in a formal mid-term review. Subsequent to that
review, it was recommended by HAC that Phase II of the program be con-
fined to the further development of the semi-active version of the MFPC.
JPL agreed to this recommendation but additionally directed RAC to reduce
the size of the proposed concentrator system from what it was in the
Phase I study to one that would generate, only 1 kW of power at 6 AU.
This change was motivated by the feeling that the first concentrated array
design is more likely to be in the 1 kW class rather than the 25 k[0 class
of power generating capability. (In the original Phase I size, the chosen
concept, began with a 25 kW unconcentrated array at 1 AU and generated
3
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12 kW at 6 AU.)	 Thus, the redirection reduced the area of the entire
Phase I system by approximately 91 ^ 6%	 Ib1a removed the chosen conceptual^ |^
"huge"deolQo from the	 deployable structure catego ry which was well beyond
the realm of prior experience and placed it in u size category more in
^
keeping with current space structure experience.
	 The Phase II tecboicU
effort was then undertaken and in May 1979 the work was completed.
The material which follows in Volume I, is a brief summary of the
pertinent f1ud±uQu and conclusions obtained from each of the technical
tuaho performed or topics studied during hntk phases of tha lnvuat1Dgtino;
whereas, Volume II presents a more detailed description of the entire
investigative procedure.	 The summary of Volume I is o^:Qauized to cover
the same topics and follow the same order of topic presentation as was
employed in the details of Volume I1 ^	In this way, if the reader of Vol.
l requires additional details or further clarification of any topic, be
can refer to the same section number in Volume II in which that topic is
covered in further detail.
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VOLUME I
	
2.0	 Phase I Technical Summary
	
2.1	 Concept Selection Rationale
Only concentrator concepts employing thin film Kapton mirrors were
considered. Concepts using lenses were judged excessively massive, costly
and unreliable.
A measure of the relative effectiveness of a concentrator is the
ratio CG/R where CG is the geometric concentration ratio and R is the ratio
of mirror area to array area. Much higher values of CG/R are obtained with
back-lit systems (array facing away from the sun) than with front-lit systems
(array facing the sun). However, when required to operate at low CG, as in
earth orbit, the CG/R advantage of the backlit systems is compensated for
by the additional sunlight received by the front-lit concepts. Therefore,
both front and back-lit concepts were selected for evaluation. Mirror
systems requiring multiple reflections were avoided in general since re-
flection losses increase rapidly with the number of reflections.
	
2.2
	 Concepts Rejected
Several concentrator concepts were preliminarily evaluated, but
then rejected from further consideration because of an inability to meet
the uniformity of illumination requirement within a ± 5 o solar axis mis-
alignment. Principal among these was a back-lit simple parabolic concentrator,
SPC; a trough with parabolic cross section. Although unacceptable, it
produced higher values of CG/R than any other concept considered.
5
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2.3
	 Description of Concepts Accepted for Evaluation
Six concentrator design concepts were evaluated in depth. These are
described in figure 2.3-1. The CPC mirrors become prohibitively large at
concentrations above about 5. The 2D-FPT is limited to CG = 2 for the same
reason. The 3D-MFPC possesses a practical upper limit of concentration ratio of
about 7. Mass cunsiderations limit the Reflexicon CG to about 12, the passive
version of the MFPC to approximately 8 and the semi-active MFPC to about 18.
In all the designs, each individual mirror illuminates the entire
array and continues to do so even with a 5 o sun axis pointing misalignment.
	
2.4
	 Concept Evaluation Procedure
All concepts were first evaluated and compared on the basis of
power and power to mass performance. They were then additionally evaluated
and compared relative to a list of cost related parameters. For the power
performance evaluations, three fundamental sets of curves were generated.
A baseline thin solar cell was selected and for this cell, curves
of efficiency versus temperature and irradiance were developed.
A parametric thermal analysis produced curves of array temperature
versus CG and AU for each of two reflector coatings; one a conventional
mirror using vapor deposited aluminum (VDA), and the other a "cold mirror"
with selective reflectance across the solar spectrum.
A structural design study yielded curves of total mass as a
function of configuration; each configuration chosen to generate a different
maximum CG.
Using all of these curves, the performance of each concept was
evaluated parametrically. The parameters varied were, maximum CG) solar
7
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distance (AU) and mirror coating. The results are summarized in Section
2.4.3.	 a
2.4.1	 Array Selection and Analysis
The cell selected for enhancement was a 2 cm x 2 cm silicon cell,
50 micrometers thick with a 50 micrometer glass cover, 13% efficient at
280 C and 1 AU, AMO, BOL. For each concept, the cells were affixed t) a
thin Kapt:on substrate to form a flexible array that can be rolled up.
The baseline array was sized to produce at BOL 25 kW at 1 AU and
550C when unconcentrated. A total array area of 194 square meters was
required using a total of 436,500 cells. All concepts used a two wing
system with k the array in each wing. The curve for the expected dependency
of the cells on temperature was derived by compiling measured data on existing
types of silicon cells and extrapolating to the baseline cell.
2.4.2	 Please I - Thermal Analysis
Temperature data on the front-lit desieas were obtained in the
literature from the results of previous studies of these designs performed
by others. For the back-lit designs, array temperatures were calculated
parametrically as functions of sola.r distance, geometric concentration ratio
(CC) and type of reflector coating.
An insulation coating on the backside of the array blanket was assumed
with an absorptance of 0(= 0.1 and a total hemespherical emittance of e= 0.66.
An emittance of E= 0.5 was used for the backside of the mirrors.
From test data it was determined that VDA, the ordinary mirror coating,
had a total reflectance of 0.9, an absorptance of 0.1 and an emittance of 0.04.
8
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IThe spectraly selective "cold mirror" reflectors had a reflectance of
0.4 , on abso-ptance of 0,26 and a emittance of 0.7.
Similar data for the solar cells was projected from test data on ot!ier
silicon cells. These data were found to be temperature dependent, therefore
the array temperatures were calculated iteratively.
The temperature calculations accounted for concentrator geometry and
radiation interchange between mirrors and between mirrors and array.
At 1 AU, the solar cell cut off temperature of 150 0C was achieved at
essentially the same concentration ratio for all designs. When VIA reflectors
were used, the maximum allowable concentration ratio was found to be CG=3.
With the "cold mirror" reflector coating the maximum proved to be CG=6.
At 6 AU, with VDA reflectors, array temperatures ranged from -800C
at CG=G to -3000 at CG=16 with "cold mirror" reflectors, the arre. , r temperature
ranged from -1100C at CG=6 to -70 0C at CG=16.
2.4.3 Phase I - Concept Optimization, Evaluation Results, and Condlusions
For each concept, solar distance and reflector coating, the total
power and specific power (watts per kg) were calculated parametrically and
plotted as a function of the maximum concentration ratio. In every case it
was found that the specific power reaches a maximum at a particular concen-
tration ratio (CG). This defines the optimum CG for the particular solar
distance and reflector coating chosen. The concepts were then compared and
rank ordered relative to performance.
Independent of power performance, each concept was additionally
evaluated in terms of a list of cost related parameters.
The consensus was that the 2D-FPT concept could be implemented at
the lowest cost and with the fewest technical difficulties. The CPC concept
9
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E	 was ranked very close to the leader, and then the three MFPC concepts formed
x
{	 a group with admittedly greater complexity, but still well within the limits ?
of exiating technology.	 The reflexicon was judged to be the most expensive
and complex of the six design concepts.
Relative to specific power and power output performance, concentrator
c_
d
concept ranking varied with solar distance.
	
When optimized for primary
operation at 1 AU ,	 the 2D-front - lit flat plate trough ( 2D-FPT) with VDA coated
J
mirrors proved best with a 25% improvement in specific power over an
unconcentrated silicon cell array ( 114 versus 91 w/kg).	 The other concepts
,
showed little improvement in specific power over an unconcentrated array
I 070
with either mirror coating studied for silicon solar cells. 	 The 2D-FPT was
..also the best performer in power output at 1 AU	 generating 358 kw.,
I
^
When optimized for operation at 6 AU,
	 .	 reflexicon is the best
(	 candidate if specific power is the sole cri +, srion for judgment.	 The semi-
active MFPC, with nearly the saris; specific power, appears more attractive
than the reflexicon because of its reduced structural complexity and higher
r
concentration ratio which reduces the number of cells needed.
Based on a combined evaluation of specific power and subjective
design criteria, the 2J-FPC appears to be the best concentrator design for
arrays using silicon solar cells at 1 AU.	 At distances greater than 1.5 AU,
some version of the two dimensional MFPC appears best for enhancing the
performance of silicon solar cell arrays.	 At 6 AU the semi -active MFPC used
in conjunction with ultra-thin silicon cells shows dramatic improvements over 3
planar arrays.
At all solar distances, the use of VDA coated reflectors proved to
be superior to reflectors coated with the spectrally selective cold-mirror,
10
3.1 FINAL MFPC CONFIGURATION OPTIMIZATION
3.1.1 Phase II Optimization Objective
The objective of the Phase II optimization effort was to re-examine
the chosen semi-active MFPC configuration to determine if further improve-
menu, in overall performance were possible.
3.1.2 Optical Desian_EAuations
Equations were derived which completely define the size and location
of each mirror for any choice of mirror pointing accuracy, array tilt angle,
array to mirror distance ratio and total number of mirrors desired. A
computer program based on these equations was written and by a search
technique used to select the optimum design for any desired concentration
ratio,
3.1.3 Mirror Pointing Accuracy
An evaluation of the selected mirror pointing mechanism confirmed
that the selection of + 1 degree tolerance on pointing accuracy was appro^
priate.
3.1.4 Single vs. Dual Arrays
Upon re-examination of the V shaped 2 piece solar array in the MFPC
concept, it was concluded that a back-lit planar array wot:ld in fact be a
superior choice. The planar array would tend to run somewhat cooler, be
easier to deploy and result in negligible angle of incidence losses.
3.1.5 Specific Geometry Selection
i
The optimum configuration for the Phase II semi-active MFPC that
C;	 will generate GC=16 is obtained when the first mirror to array distance is
ten times the array width. This configuration results in an area ratio, R,
(	 of 28.7.
j	 11
f
';
3.1.6 Angle of Incidence Effects
The shallow angle with which some of the light impinges on the planar
array gives rise to higher angle of incidence losses than would occur with the
I	 V shaped two piece arra, design. The total effect, however, is only a 2.6%
light loss which is considered negligible.
I	
3.1.,7 Final Size Selection
f
Final dimensions for the Phase I1 - MPPC design were based on the
1
requirement that the system must generate 1 kw at 6 AU. The resulting 2 wing
system ises an array 1.33 feet wide and 65 feet long on each wing. Each array
employs 18,112 silicon cells, 2 x 2 cm, 50 micrometers thick with 50 micrometer
glass cover, 13% efficient at 28 0C. The array when unconcentrated would generate
1.04 kw per wing at 1 AU, 55°C,
The concentrator on each wing, which permits the array to generate k kw
at 6 AU, has external dimensions of 38.8 feet by 67.3 feet, employing 24
individual mirrors. The first mirror is located 13.33 feet below the array.
3.2 Discussion of Drawings
3.2.1 Introduction
Drawings of the final system were prepared. They are of sufficient
detail to permit a reasonable weight estimate to be prepared and are also
I
intended to highlight potential design problems.
3.2.2 Solar Tracker Mechanism
_	 Many alternative mechanism designs for aiming each individual mirror
1	 j
l	 at the g un are available. Some have been used or studied extensively by others.
lAll must have the property of causing a mirror rotation of one half the
I
_	 magnitude of any sun shift.
A'
k.
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A3.2.3 Selection of the Solar Tracker
A bi-metallic spring type mechanism for the tracker was tentatively
chosen from among the available alternatives. This concept was judged to
have the lowest mass and highest reliability. At 2 trackers per mirror, 96
trackers are required.
3.2.4 Hinges
54 self-activating, self-locking, hinges are required. From 2 design
alternatives, a traditional type, employing 2 tubular parts with pivot pin
and latch bar, was chosen. The choice was dictated by the need for adjustment
capability.
3.2.5 Constant - Tension Device
A constant-tension spring is employed for each mirror to compensate
for differential expansion and contraction between mirror and end supports.
A lenf;-h change of 3 to 4 inches is anticipated from 1 to 6 AU.
3.2.6 End Truss Network
A network of graphite - epoxy struts and wire cables were designed to
support the mirrors and transfer torque to the attached spacecraft with the
least deflection.
3.2.7 Central Mast
The deployable central mast is an exist!.np design which has been used
extensively in space applications. Existing design data provided by the
masts' manufacturer was modified to allow use of high strength graphite -
epoxy material for lower mass.
'	 3.2.8 Stowage
The estimated shape of each wing in the pre-deployed state involves a
box, 48 inches lon g, by 24 inches high, by 30 inches wide, from which 6 struts,
30 inches long, project from each side (along the 30 inch width dimension).
13
3.2,9 Deployment
Deployment sequencing has been determined but many details, particularly
relative to cable stowage during deployment to prevent tangling, have yet to be
resolved.
3,3 Structural Considerations
The primary structure, in addition to the central mast, are the shaping
beams suppor'.ng the ends of the Kapton Mirrors. These beams are constructed
from graphite-epoxy; are extremely efficient, low mass composite. The beams
were sized on the basis of a computerized stress analysis.
3.4 Weight Summary
The phase II conceptual design has a total weight of 98 pounds per wing. Of
this total, 20.4 lbs is in the solar array with the remainder in the. concentrator,
(reflectors and structure). The coated mirrors weigh only 5.5 lbs per wing;
the central mast and cannister only 7.0 lbs. The most significant (heaviest)
weight items are the solar tracker mechanisms of which 48 are required per
wing totaling 24 lbs.
3.5 Modularity
Two methods have been conceptualized for increasing total power by
increasing the total number of wing modules. Additional pairs of modules
car, be added axially, or modules can be arranged as radial spokes with equal
spacing, Advantages and disadvantages of both arrangements have been compared.
3.6 Performance Summary
3.6.1 Output Performance
Array: When unconcentrated is sized to deliver 1.04 kw per wing
or 2.08 kw total at 1 AU.
Concentrator: Stepwize variable geometric concentration ratio from
0.75 minimum to 16.15 maximum,
14
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j	 System Power;	 Performance (Total for Both Wings)
k
AU	 Power Output	 Specific Power
(iQJ)	 (Watts/KG)
1	 2.6	 29.3
1.5	 2.7	 30.7
2	 2.8	 31.7
4	 1.8	 20.0
6	 1.0	 11.0
3.6.2 Dynamic Performance of Phase II Concentrator Desien
A lowest natural frequency of 0.012 H Z has been estimated for the
system. The associated mode shape is rigid body torsion about the central mast.
3.6.3 Thermal Performance
Array Temperature	 Concentrator Temp.
AU	 C^	 0 	 0 
1	 3	 150	 -10
i
6	 16	 -30	 -166
3.6.4 Anticipated Performance of Mirrors in SAace Environment
Unless a significant quantity of UV radiation is absorbed by the Kapton,
no serious degradation of the mirrors in the space environment is anticipated.
UV absorbtion may eventually cause Kapton embrittlement, however, the VDA
coating on the first surface of the Kapton should provide a screen which is
impervious to UV.
3.7 ROM Cost Summary
The total estimated cost for the design, development and manufacture
of a flight ready concentrator system (Phase II design, 1 kw at 6 AU) is 11.05
I
million dollars. This cost would be spread over a 4.5 year period.
j
I	
Of this total, 4.32 million is the recurring cost for the fabrication and
I	 and delivery of the flight hardware.
By contrast, the estimated recurring cost for a deployable unconcen-
trated array that could deliver the same power at 6 AU is 13.82 million.
i
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